The present review presents a series of concepts that may be useful in developing rehabilitative strategies to enhance recovery of posture and locomotion following spinal cord injury. First, the loss of supraspinal input results in a marked change in the functional efficacy of the remaining synapses and neurons of intraspinal and peripheral afferent (dorsal root ganglion) origin. Second, following a complete transection the lumbrosacral spinal cord can recover greater levels of motor performance if it has been exposed to the afferent and intraspinal activation patterns that are associated with standing and stepping. Third, the spinal cord can more readily reacquire the ability to stand and step following spinal cord transection with repetitive exposure to standing and stepping. Fourth, robotic assistive devices can be used to guide the kinematics of the limbs and thus expose the spinal cord to the new normal activity patterns associated with a particular motor task following spinal cord injury. In addition, such robotic assistive devices can provide immediate quantification of the limb kinematics. Fifth, the behavioural and physiological effects of spinal cord transection are reflected in adaptations in most, if not all, neurotransmitter systems in the lumbosacral spinal cord. Evidence is presented that both the GABAergic and glycinergic inhibitory systems are up-regulated following complete spinal cord transection and that step training results in some aspects of these transmitter systems being down-regulated towards control levels. These concepts and observations demonstrate that (a) the spinal cord can interpret complex afferent information and generate the appropriate motor task; and (b) motor ability can be defined to a large degree by training.
are formed on the cell bodies of motoneurones, and probably other neurones, within the spinal cord. The origin of these new synaptic structures is uncertain, but they could derive from a variety of interneurones, from the sensory projections from the skin, joints, tendons and muscles, and from autonomic nerves. Based on this general concept and on the synaptic reorganization that must occur after SCI, it should be expected that the interpretation of a given sensory input to the spinal cord of an SCI animal will differ substantially from that of an intact animal.
Other evidence that the interpretation of synaptic input following SCI is 'novel' is the elevation of glutamic acid decarboxylase (GAD 67 ) immunoreactivity in the dorsal horn, around the central canal, and in the region of the motoneurones in the spinal segments below the lesion (Tillakaratne et al. 2000b) . The elevated GAD 67 levels indicate that the amount of y-aminobutyric acid (GABA), an inhibitory neurotransmitter, is elevated in these areas following SCI (Fig. 2 ). These observations suggest that the inhibitory potential is elevated in several types of neurone.
Step training of spinalized animals results in a general reduction in GAD 67 levels. These data are consistent with pharmacological evidence that suggests that the GABAergic system is elevated following SCI. For example, administration of bicuculline, a GABA receptor blocker, can improve locomotion in the chronic spinal cat (Robinson & Goldberger, 1986) .
Which features of the spinal cord are modulated to control movement?
The order and number of motor units recruited within each motor pool largely define the kinetics and kinematics of movement. Muscle length changes and the direction of length changes (shortening or lengthening and the resulting velocities for any given movement) reflect these kinetics and kinematics. The control of force within and among motor pools is therefore likely to be important in the adaptation to SCI.
To study this issue, we placed chronic spinal rats (transected at a mid-thoracic level at 5 days of age) on a treadmill with each of the ankles secured to the end of a robotic arm de Leon et al. 2000; London et al. 2000) . The rats were placed on a treadmill so that the hindlimbs could step, while the upper body was supported by a device that also recorded the percentage of body weight support. In these experiments, the loading of the hindlimbs approximated 25 % of body weight. The robotic arm functioned both as a passive tracking device, which measured limb kinematics, and as an active modulator of limb trajectory during the swing phase of the step cycle (Fig. 3A) . For the first 25 steps, the rat stepped without any perturbation. For the next 25 steps, the robot imposed an upward force field perpendicular to the treadmill during the swing phase of each step of one leg. This sequence was then repeated, 25 steps without perturbation and 25 steps with perturbation. This cycle was repeated five times for a total of 125 unperturbed and 125 perturbed steps. With repeated sequences the swing phase became less and less disrupted. By the fourth cycle the rat consistently generated a normal kinematic pattern, which was sustained throughout the fifth cycle (Fig. 3B ).
We observed similar motor learning in human subjects with a mid-to low-thoracic complete SCI (Harkema et al. 1997) . In the human case, we applied a force field bilaterally in a downward direction during the stance phase of locomotion. In this protocol, the subjects step on a treadmill while being supported by a harness that can adjust weight bearing from zero to full body weight support by the subject. The activation of selected leg muscles (as measured by EMG amplitude) increased in proportion to the level of the subject's weight bearing ( Fig. 4A and B) . In the upper portion of the figure synapses from all sources are illustrated as being supraspinal, intraspinal or peripheral (proprioceptive) afferents. The lower portion of the figure illustrates the fact that following SCI all synapses from supraspinal input will be eliminated (or partially eliminated in incomplete spinal injuries). As a result of the retraction of synapses of a supraspinal origin the remaining synapses would have a novel effect because of the differences in their relative efficacy, i.e. the remaining synapses no longer share their impact with synapses derived from supraspinal neurones. In addition, there is evidence for significant synaptic reorganization at the remaining synapses (Nacimiento et al. 1995) as illustrated by the enlarged synapses in the lower portion of the figure. This synaptic reorganization, however, could involve a proliferation of synapses to these neurones as well as an enlargement of the existing synapses. A, application of vertical force fields on the hindlimb during one step cycle in a complete spinal rat. Robot arms were attached to the shank of the hindlimb during bipedal hindlimb stepping. The robot arms apply an upward force on the shank when the hindlimb moves forward during the swing phase of the step cycle. The magnitude of the force (arrows) is proportional to the horizontal velocity of the hindlimb. B, adaptations to the vertical force fields occur during stepping. In each trial (1-5), spinal rats were repeatedly exposed to the force field for 25 steps, followed by 25 steps without the force field. Swing duration (time from toe off (TO) to paw contact (PC)) and hindlimb coordination (interlimb TO-PC interval) were analysed and the data from 25 steps were averaged. Values are means ± S.E.M. for each trial (25 steps) from one spinal rat stepping at a treadmill speed of 11 cm s _1 . (Authors' unpublished observations.)
We observed similar results in non-disabled, incomplete SCI, and complete SCI subjects. In most cases, EMG amplitudes reached a plateau in both SCI and nondisabled subjects: once the load exceeded a certain level, EMG amplitudes no longer increased and, in some cases, the amplitudes even declined at higher loading levels. Although there is no apparent reason for this decline in EMG amplitude, it may be due to the inability of SCI subjects to sustain normal kinematics of stepping at the higher loads.
With respect to the concept of the neuromotor control of the spinal cord, our interpretation of these experiments with human subjects is similar to the restoration of normal kinematics of the step cycles in the spinal rats that were unilaterally perturbed during the swing phase. When the legs of the human subjects were allowed to support more of the body weight, the level of activation of the extensor muscles increased and thereby sustained normal kinematics. Interestingly, the EMG amplitudes of most flexor muscles during the swing phase of the step cycle were also elevated. Given that the loading level was changed for both limbs, the elevated flexor EMG amplitudes probably reflect an increased efficacy of pathways that mediate flexion in response to elevated loading in the contralateral limb.
One difference in the design of the human compared to the rat experiments was the timing of the responses (de . In the rats, the adjustments occurred over a series of steps. In addition, there was some carryover from the force fields applied during the swing phase in one sequence to the next sequence of perturbed steps, even though there was an intervening period of 25 steps executed without a perturbed force field. For example, even the initial steps in the later sequences were more normal kinematically than during the first sequence, illustrating some 'memory' from the previous sequence of 25 perturbed steps. In contrast, in the human experiments the loads for any given series of steps were applied randomly. Therefore, a carryover effect from one series of steps to the next series of steps with another load seems unlikely.
In the human experiments, it was demonstrated that EMG adjustments to varying loads occurred at the appropriate phases of a given step cycle. For example, the elevated EMG amplitudes of extensor muscles occurred in a phase-dependent pattern, i.e. during the stance but not the swing phase of the steps. It is also interesting to note that flexor motor pools also became more active during the swing phase of steps in which the loading was greater (authors' unpublished observation).
Spinal cord motor output is use dependent
Following a lesion at thoracic or higher levels, the lumbosacral spinal cord is significantly reorganized behaviourally, physiologically and biochemically (Edgerton et al. 1997a,b) . The spinal cord caudal to such a lesion may in fact be considered to be a 'new spinal cord' (Edgerton et al. 1991 (Edgerton et al. , 1997a Hodgson et al. 1994) because it is unlikely that the remaining neuromotor pathways have ever executed full weight-bearing stepping or standing. The efficacy of the remaining synapses that transmit the ensemble of sensory inflow from the limbs to the spinal neural networks is different from that of any previous time. Based on this concept, it seems inevitable that the spinal cord will develop novel solutions for stepping and standing after SCI.
Substantial evidence now indicates that the efficacy of these sensorimotor pathways is use dependent. Spinal cats trained to step for only 30 min daily can step more successfully than untrained cats (Lovely et al. 1986 (Lovely et al. , 1990 de Leon et al. 1998a) . Further, spinal cats trained to stand but not step, learn to stand but step very poorly, if at all (de Leon et al. 1998b) . When spinal cats are trained to step for 12 weeks and then the training is stopped for 12 weeks, their stepping capacity is severely reduced (de Leon et al. 1999a) . If these cats are retrained to step, they relearn to step much more rapidly than when they were trained initially (de Leon et al. 1999a) . Finally, spinal cats can learn to stand on one hindlimb while the upper body is supported in a harness over a period of 12 weeks (de Leon et al. 1998b ). All of these observations clearly demonstrate the 'experience-dependent' characteristics of the lumbosacral spinal cord after complete transection. Although this dependence is evident behaviourally, biochemically and physiologically, the specific mechanisms that underlie the spinal learning remain undefined.
Low-thoracic spinal cord transection evokes multiple biochemical changes that can be associated with motor training. As noted earlier, GAD 67 , one of two GABAsynthesizing enzymes, is markedly elevated following a complete transection, as is its mRNA (Tillakaratne et al. 2000b) . But, GAD 67 levels are decreased when spinal cats are trained to step. The stepping ability of a spinal cat seems to be inversely related to the level of GAD 67 and its mRNA in the lumbar cord segments, regardless of the duration post-injury (weeks to months; authors' unpublished observations).
In contrast, after stand training, the levels of GAD 67 and its mRNA in the lumbar cord are only slightly lower than in non-trained animals. Furthermore, in cats that are trained to stand on one hindlimb while the upper body is Spinal cord learning J. Physiol. 533.1 Figure 5 . Unilateral stand training results in asymmetric GAD 67 staining patterns A cross-section of the lumbar spinal cord stained at rostral L6 segment for GAD 67 taken from an adult spinal transected cat trained to stand unilaterally for 12 weeks starting 1 week after transection. There was a greater prominence of punctate staining for GAD 67 on the trained (B and D) compared to the untrained (A and C) side. This unilateral staining pattern was observed in sections followed caudally for about 3 mm. This was particularly evident around motoneurones in layer IX and in a rostrocaudal region corresponding to motor pools innervating knee flexors. Arrows indicate intense punctate staining on the cell body. Scale bars: A and B, 100 µm; C and D, 25 µm. (Authors' unpublished observations.) supported in a harness, there is a clear asymmetry associated with a select population of neurones, predominantly in lamina IX, corresponding to the motor pools of flexor muscles in the stand-trained leg (van der Horst & Holstege, 1997; Fig. 5 ). The obvious questionyet to be studied -is whether training differentially affects GAD 67 associated with extensor and flexor motor pools.
Markers associated with glycine, the second major inhibitory signal of the spinal cord, also change after transection and subsequent motor training (Talmadge et al. 1996) . In another set of experiments, we transected 1-week-old neonatal rats and, 2 weeks later, began training half of them to step on the treadmill. Rats trained to step for 15 min per day, 5 days per week for 12 weeks had a significantly greater stepping ability than non-trained rats (Fig. 6A) .
Following this training, we examined the distribution of two markers of glycine signalling -the a1 subunit of the glycine receptor and gephyrin, a peptide closely associated with the glycine receptor. The gephyrin and a1 peptides were significantly higher in the spinal non-trained than control rats, whereas in the trained rats these values were similar to the controls, i.e. essentially at normal levels (Fig. 6B) . However, even though the glycine receptorassociated proteins were at normal levels following step training, the kinematics of the stepping level only partially recovered (Fig. 7) .
These results are consistent with our observation of the effects of strychnine, a glycinergic receptor antagonist, on the locomotor ability of stand-and step-trained cats (de Leon et al. 1999b) . Stand-trained cats that have poor or no stepping ability could generate full weight-bearing stepping within 45 min of receiving a single dose of strychnine (0.03-0.1 mg kg _1 , I.P). Equivalent doses given to spinal cats that were trained to step had little effect on their stepping ability. These results demonstrate two important points. First, the trained state of the animal can have a profound effect on its response to pharmacological interventions. Second, training can have a profound effect on the biochemistry of the spinal cord, specifically on glycine receptors, which is reflected in the response to strychnine. Thus, there seems to be a Step training of spinal rats normalizes glycine receptor concentration A, mean step lengths of control, spinal cord transected (Sp) and step trained Sp (Sp-Tr) rats. Sp and Sp-Tr rats were spinal cord transected at 7 days of age. Sp-Tr rats were trained to step on a motorized treadmill at 0.09 m s _1 for 15 min per day, 5 days per week for 12 weeks. n = 4 per group. B, mean amounts of gephyrin and the a1 subunit of the glycine receptor in the lumbar spinal cord of Sp and Sp-Tr rats. These data are normalized to total spinal cord protein and expressed as a percentage of control based on densitometer units from Western blots using monoclonal antibody 7A (Roche Biochemicals). * Significantly different from control; † significantly different from Sp at P ≤ 0.05 according to a one-way analysis of variance and Fisher's least significant difference test. (Authors' unpublished observations.) Figure 7 . Relationship between glycine receptor concentration and step length The relationship between the amount (expressed as a percentage of control) of the a1 subunit of the glycine receptor and step length in control, spinal (Sp) and Sp trained (Sp-Tr) rats is shown. Note that although the step training reduced the a1 subunit of the glycine receptor to control levels, the step length was significantly different from Control and Sp rats (see Fig. 6 for relevant statistics). (Authors' unpublished observations.) significant reorganization of two inhibitory systems of the spinal cord in response to SCI. Markers of both systems increase after SCI and the same markers decrease after step training. The effects of stand training are less clear. Overall these changes may reflect the differential training of inhibitory and excitatory pathways projecting to flexor and extensor motor pools.
Humans with SCI also seem to respond to locomotor training, but the results are less conclusive in individuals with complete SCI. The most convincing training effects have been observed in human subjects with an incomplete injury. Unlike the studies of animals with complete spinal cord transection, improvements in humans with incomplete transection cannot be attributed to spinal mechanisms alone. In these individuals there is clearly a high potential for a significant interaction between the remaining supraspinal descending input to the spinal cord and the plasticity in the spinal cord itself. Regardless of the mechanisms, however, there are convincing data that humans with incomplete SCI have a greater chance to reach higher levels of mobility overground if they receive locomotor training using a body weight-support suspension system over a treadmill (BWST) to step with manual assistance (Wernig et al. 1995 (Wernig et al. , 1999 Dietz et al. 1998; Barbeau et al. 1999) . Furthermore, the level of recovery as a result of locomotor training seems to exceed that which occurs following 'conventional' therapies. Although several laboratories have been accumulating evidence to address the issue of locomotor training in SCI human subjects for the last decade, the most thorough and controlled studies in subjects with incomplete injuries have been those of Wernig and colleagues (Wernig et al. 1995) . The results of these studies suggest that both acute and chronic SCI patients can gain a higher level of overground mobility if they receive locomotor training using BWST when compared to conventional therapy.
In similar studies of human subjects, Harkema and her colleagues observed significant increases in the activation level of selected motor pools associated with locomotor training (S. J. Harkema, unpublished observations). New bursts of oscillating EMG of the flexors and extensors timed to the step cycle emerged in some muscles after 4 weeks of locomotor training when these muscles had shown no evidence of EMG before training. A second change was a training-induced increase in EMG amplitude of most muscles in the leg. Finally, in some subjects there was a shift in the timing of the EMG bursts after a period of step training, usually with the EMG bursts more closely approximating the normal pattern.
Bioengineering solutions: role of robotic technologies in optimizing recovery of mobility following SCI The results presented in this review emphasize the need for quantitative studies of the kinematics of stepping, both in laboratory animals and in humans with SCI.
Robotically based assistive devices can be helpful in such studies for two reasons: (1) devices with the necessary technical fidelity can provide more rapid and more accurate assessments of alternative rehabilitative strategies than is now possible (Tillakaratne et al. 2000a; Timoszyk et al. 2001) ; and (2) robotic assistive devices can provide on-line quantitative kinematic and kinetic data for stepping. These robotic devices can be used in an interactive mode to train SCI rats London et al. 2000; Reinkensmeyer et al. 2000a,b; Timoszyk et al. 2001) or humans such that the work performed by the assistive device can be gradually reduced as the performance capability of the subject improves.
The development and use of these devices for rehabilitative purposes also make good sense economically: (1) the efficiency of rehabilitation can be improved by reducing the number of therapist hours required for post-injury treatment; (2) SCI subjects can be trained more reproducibly than with current manual approaches; and (3) more patients are more likely to reach higher levels of mobility. Achieving these outcomes would markedly reduce the cost of medical care that is linked to SCI over the period of a patient's life. The secondary beneficial effects of mobility training may be even more economically and clinically significant if they also benefit other physiological systems, such as the skin and the cardiovascular, pulmonary and skeletal systems.
Summary of 'where we are'
(1) The spinal cord of adult complete spinal rats and cats can learn to step and stand if trained for these specific tasks. This ability seems to apply to humans with SCI as well, but up to the present, this only occurs if some minimal level of supraspinal input to the cord remains below the lesion.
(2) The injured spinal cord undergoes significant physiological, biochemical and structural changes that are associated with relearning motor tasks.
(3) Given the changes in the synaptic milieu of the spinal cord after injury, the remaining neural pathways must develop novel neural strategies to execute stepping and standing.
(4) The injured spinal cord executes stepping with a preferred kinematic pattern, even when there is a significantly perturbed mechanical input.
(5) The response of the spinal cord to pharmacological interventions changes as a function of the associated structural, physiological and biochemical adaptations that occur within the spinal cord.
(6) There is an urgent need for a close integration of new engineering concepts with the new fundamental biological concepts demonstrating the short-term and long-term learning potential of spinal sensorimotor pathways.
